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ABSTRACT 



Human recombinant erythropoietin (rEPO) is used for the treatment of anemia and chronic kidney disease. 
The review deals with makinSg recombinant human erythropoietin from various expression systems. Human rEPO is made 
predominantly for therapeutic applications from CHO mammalian cells. rEPO secreted from CHO cells is incompletely 
glycosylated resulting in human rEPO glycosylation heterogeneity. The review describes the process to obtain completely 
glycosylated human rEPO at 40kd without any low molecular weight contaminants or without any glycosylation 
hetergeneity. This can be achieved by adding a glycophosphatidylinositol anchor signal sequence C terminal of the 
recombinant glycoprotein such as EPO for homogenous expression in mammalian cells such as CHO. 
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INTRODUCTION 

Human recombinant erythropoietin (rEPO) is a widely used for the treatment of anemia. Human rEPO represents 
one of the largest biopharmaceuticals markets and is produced from Chinese Hamster Ovary cells (CHO). Human rEPO is 
a glycoprotein with complex oligosaccahrides which is responsible for its therapeutic efficacy, in vivo biological activity 
and half-life. In various clinical trials the available erythropoietin stimulating agents while decreasing the rate of 
transfusions have shown an increase in thromboembolic events and mortality (Spivak et al., 2009). 

Human rEPO is a 166 amino acid glycoprotein with one serine O-linked oligosaccharide (serl26) and 3 N-linked 
glycosylation sites (Asn 24,38 and 83). EPO with biantennary oligosaacharides has low in vivo biologic activity due to 
rapid clearance from the systemic circulation by renal handling (Misaizu et al., 1995). EPO with tertiary branched 
oligosaccharides is suggested to have a higher plasma level with an effective transfer to target organs and stimulation of 
erythroid progenitor cells (Misaizu et al., 1995). CHO cells derived secreted human rEPO is fully active in vivo (Sasaki et 
al., 1987). However rEPO expressed in CHO cells demonstrates glycosylation heterogeneity with molecular weight of 
34-48kd (Yoon et al., 2001) or 32-38kd (Surabattula et al., 2011) by western blot. However EPO purified from human 
urine is of 39kd without any glycosylation heterogeneity (Miyake et al. 1977). This review deals with the process to obtain 
completetly glycosylated human rEPO without any low molecular weight glycosylation contaminants from CHO cells. 

Human rEPO purification is classified into three types: the development of efficacious human rEPO molecules by 
protein engineering; improvement of host cells by genetic engineering- i.e., introducing humanising and human compatible 
enzymes; and culture condition optimization. 
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EXPRESSION OF HUMAN rEPO FROM CHO CELLS 

The 39kd band of human recombinant erythropoietin expressed from CHO cells has been purified by fractionation 
from spent media using reverse phase chromatography (Sasaki et al., 1987). The article does not describe the 
oligosaccharide analysis of the various rEPO glycoforms expressed from CHO cells (Sasaki et al., 1987). 
The oligosaccharide analysis of the 39kd band alone shows the presence of biantennary, triantennary and teteranatennary 
oligosaccahrides. N-acetyl lactosamine repeats have been observed in both the triantennary and tetraantennary 
oligosaccharides (Sasaki et al., 1987). As is for all secreted glycoproteins from CHO cells, rEPO is expressed as a smear 
between 33 - 48kd (Yoon et al., 2001), 32-37kd (Surabattula et al., 2011) or 25-37kd (Zhang et al 2013). Though 
recombinant erythropoietin is produced in CHO cells the loss in quality control is 80% due to the incomplete glycosylation 
(Zoph D & Vergis G, 2002). 

Expression of human rEPO from human hepatoma cell line (Huh-7) has been observed at a lower molecular 
weight of 34kd (Kauser et al., 201 1). Expression of human rEPO as a fusion protein with the Fc part of human IgG resulted 
in a high molecular weight protein as a dimer (Schriebla et al., 2006). 

EXPRESSION OF rEPO FROM MUTANT CELL LINES 

The IdID mutant CHO cells are deficient in UDP-galactose (UDP-Gal) and UDPN-acetylgalactosamine (UDP- 
GalNAc) 4-epimerase activity. Recombinant proteins produced with only glucose as sugar source have truncated N-linked 
and no O-linked carbohydrate chains due to their inability to produce UDP-Gal or UDP-GalNAc from UDP-glucose or 
UDP-Nacetylglucosamine (Kingsley et al., 1986; Krieger et al., 1989). Human rEPO from IdID mutant CHO cells is 
expressed as a 30kd protein with only oligomannose structures (Wasley et al., 1991). To reverse the effect of the mutant 
cells when rEPO was expressed in the presence of Gal alone or with GalNAc, rEPO was expressed as a glycoform smear 
between 32-42kd (Wasley et al., 1991). N-glycanase treatment of this 32-42kd smear resulted in a 21kd rEPO band with 
the O-linked oligosaccharide (Wasley et al., 1991). 

ROLE OF OLIGOSACCAHARIDES IN EPO BIOLOGICAL ACTIVITY 

It has been shown in rats that rEPO with tetrantennary oligosaccharides are more resistant to degradation that 
rEPO with biantennary oligosaccharides (Misaizu et al., 1995). rEPO with biantennary oligosaccharides disappeared from 
the plasma more quickly than rEPO with tetrantennary oligosaccharides (Misaizu et al 1995). Whole rat body 
autoradiography after 20 minutes of administration showed rEPO with biantennary oligosaccharides levels higher in the 
kidney rEPO than of tetrantennary oligosaccharides (Misaizu et al., 1995). Low in vivo biological activity was observed for 
rEPO with biantennary oligosaccharides than rEPO with tetrantennary oligosaccharides (Misaizu et al., 1995). rEPO with 
tetrantennary oligosaccharides is required for high plasma levels to stimulate erythroid progenitor cells in target organs 
such as liver, spleen, kidney and bone marrow (Misaizu et al., 1995). 

HUMAN rEPO FROM TRANSGENIC ANIMALS 

Human recombinant erythropoietin has been expressed in the milk of transgenic rabbit and mice. The human rEPO 
has been expressed as a C-terminal fusion protein with bovine b-lactoglobulin (Korhonen et al., 1997). Biological activity 
of the fusion protein was less than 15% of standard human rEPO (Korhonen et al., 1997). However cleavage of the bovine 
b-lactoglobulin from the human rEPO restored the biological activity comparable to standard human rEPO (Korhonen et 
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al., 1997). However fusion-protein-derived rEPO had a lower molecular size of 32.5kd and the transgenic animals had an 
80% increase in hematocrit values (Korhonen et al., 1997). 

The expression of human erythropoietin in the mammary gland is an attractive cost effective method. The major 
disadvantage is human rEPO in the milk of transgenic animals resulted in very low expression levels and was detrimental 
for the founder animals (Toledo et al., 2005). Therefore rEPO has been expressed by direct transduction in mammary 
epithelium of non transgenic goats (Toledo et al., 2006). Expression levels of human rEPO in milk of non transgenic goats 
reached 2g/L but were underglycosylated resulting in low in vivo hematopoietic activity (Toledo et al., 2006). 

216 amino acids 
< > 

166 3 6 4 37 aminoacids 

Epogene GRG— HISk-IEGR I GPI signal attachment gene TGA I 

t t 

Thrombin Factor Xa 



GPI attachment protein sequence from human DAF 
PNKGSGTTSGTTRLLSGHTCFTLTGLLGTLVTMGLLT 



GPI anchor attachment site 



Figure 1: Schematic Representation of the Construct Expressing Human Recombinant EPO (Devasahayam, 2015; 
Singh et al., 2015). With a His6Tag, a Factor Xa Site and a Thrombin Cleavage Site 5' of the His6Tag. The DAF 
GPI Attachment Gene Sequence is Shown with the GPI Anchor Attachment Site in Bold 



HUMAN rEPO FROM TRANSGENIC PLANTS 

Expression of recombinant proteins in transgenic plants has the advantages of low production cost and lower 
capital investment in infrastructure though not often appropriate post-translational modifications. The major disadvantage 
of plants as an expression host is the low level of transgene expression. Expression of erythropoietin in potato tuber using 
patatin, the tuber-tissue-specific promoter for higher expression levels and whole plant from single explants were obtained 
(Desai and Padh, 2012). Polymerase chain reaction (PCR) analysis was performed to confirm the stable integration of the 
erythropoietin gene in the potato plant by using sequence-specific primers (Desai PN and Padh H 2012). Human rEPO 
without sialylation has been expressed along with b-1,4 galactosyltransferase in transgenic tobacco to obtain complex N- 
glycans. Oligosaccharide analysis gave paucimannosidic, high mannose and complex oligosaccharides (Kittur et al., 2013). 

HUMAN rEPO FROM PICHIA PASTORIS 

Human rEPO expressed from Pichia pastoris is a 32-75kd mixture of glycoforms (Teh et al., 2011). rEPO 
glycofrom variants from Pichia pastoris are active in vivo (Teh et al., 2011). Recombinant EPO from 
glycoengineered Pichia pastoris Pichia pastoris show complete site occupancy. CHO derived and Pichia pastoris derived 
rEPO show differences in oligosaccharide structures (Gong et al., 2013). Recombinant EPO from Pichia pastoris had 
sialylated biantennary oligosaccharides compared to CHO derived rEPO which have sialylated bi-, tri- and tetra-antennary 
oligosaccharides (Gong et al., 2013). 
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rEPOgene sequence gene 



EF DF 




783 bp rEPO with DAF GPI signal sequence gene 

Figure 2: Overlap Extension PCR. rEPO Gene Was Amplified Using Primers EF and ER-gpi; DAF 
Signal Sequence was Amplified Using DF and DR; the Overlap Primers are ER-gpi and DF. The Two 
PCR Products of EPO and DF Were Stoichiometrically Combined and the Final rEPO with the DAF 
Gpi Signal Sequence Gene was Amplified Using Primers EF and DR 

HOMOGENOUS RECOMBINANT GLYCOPROTEINS WITHOUT GLYCOSYLATION 
HETEROGENEITY FROM CHO CELLS 

Secretion in terms of expression levels and variable site occupancy was protein dependent as observed in the 
expression of recombinant soluble Thy-1 in COS-7 cells and CHO-K1 cells (Devasahayam et al., 1999; Devasahayam, 

2006) . Recombinant GPI anchored Thy-1 in CHO-K1 cells does not show variable site occupancy in that the fully 
glycosylated form alone was expressed on the cell surface (Devasahayam et al., 1999). The GPI anchored Thy-1 expressed 
on CHO-K1 cells when purified appeared as a single protein band by SDS-PAGE with no lower molecular weight 
glycoforms (Devasahayam et al., 1999). Further oligosaccahries from GPI anchored Thy-1 expressed on CHO-K1 cells 
were similar in structure to human brain derived Thy-1 except in the absence of hybrid oligosaccharides present in brain 
Thy-1 (Devasahayam et a. 1999). This indicates that (i) the attachment of the protein to the cell membrane increases its 
stability by presenting the protein to the glycosylation processing enzymes in a protein specific manner resulting in a 
homogenous glycoprotein population, (ii) glycoforms or unglycosylated protein are efficiently degraded by the cells 
quality control mechanism leading to the exclusive expression of the fully glycosylated glycoprotein (Devasahayam, 

2007) . 

GPI ANCHORED HUMAN rEPO - FOR GLYCOSYLATION HOMOGENEITY AND COMPLETE 
GLYCOSYLATION 

The ability to produce from CHO cells the 39kd human rEPO alone without any low molecular weight rEPO 
glycoforms is described below (Devasahayam 2015; Singh et al., 2015; Devasahayam & Singh et al., 2015). This is the 
same in both molecular weight and the absence of glycoforms to EPO purified from human urine (Miyake et al., 1977). 
Is is expected that this high molecular weigh rEPO at 39-40kd will have highly processed tetra antennary oligosaccharides 
required for biological activity (Misaizu et al., 1995) with N-acetyl lactosamine repeats (Sasaki et al., 1987) 
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Figure 3: Thrombin Digestion of rEPO-g by Western Blot Using Anti Human EPO Mab (Devasahayam and 
Singh, 2015) on; a) 12% SDS-PAGE Gel of Undigested (Lane 1) and Thrombin Digested rEPO-g (Lane 2); 
and b)15% SDS PAGE Gel of Undigested (Lane 1) and Thrombin Digested rEPO-g (Lane 2) 



Completely glycosylated human rEPO was obtained when expressed as a GPI anchored molecule in CHO cells 
with the GPI anchor signal sequence from decay accelerating factor (DAF) (Devasahayam, 2015; Singh et al., 2015) 
(Figure l).The GPI anchor signal sequence from DAF was attached to the C-terminal of the EPO gene by overlap 
extension PCR (Figure 2) and expressed in CHO cells (Singh et al., 2015). Homogenous completely glycosylated human 
rEPO-GPI anchored at 42kd without low molecular weight glycoform variants was obtained (Figure 3a,b; lane 1) 
(Devasahayam & Singh, 2015; Singh et al., 2015). The removal of the GPI anchor was designed to include a thrombin 
cleavage site C terminal to the rEPO gene (Figure 1) (Singh et al., 2015). The 1.8kd 9 amino acid linker region between the 
rEPO and GPI anchor was removed using thrombin to give fully glycosylated human rEPO at 40kd with an extra GR 
dipeptide at the c-terminal shown using 12% (Figure 3a lane 2) and 15% discontinuous SDS-PAGE (Figure 3b; lane 2) 
(Devasahayam and Singh, 2015). 

This is the first report demonstrating homogenous and completely glycosylated human rEPO at 40kd from CHO 
cells relevant for efficient therapy (Devasahayam and Singh, 2015). This completely glycosylated higher molecular weight 
rEPO at 40kd with possibly tetraantennary N-oligosaccharides and N-acetyl lactosamine repeats will not be filtered from 
the kidney (Devasahayam, 2015). Therefore rEPO will be maintained at a high plasma for efficient stimulation of erythroid 
progenitor cells (Misaizu, T. et al. 1995). 

CONCLUSIONS 

Human recombinant EPO is used extensively to treat anemia and transfusions with a global market estimated at 
USD 57 billion in 2005. Completely glycosylated and fully processed oligosaccharides are required for biological activity 
of rEPO. The review describes for the first time the process to obtain homogenous rEPO from CHO cells at a molecular 
weight of 40kd similar in size to human EPO purified from human urine (Miyake et al. 1977). 
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